We investigated the effect of transforming growth factor beta 1 (TGF-1) on equine hyaluronan synthase 2 (HAS2) gene expression and hyaluronan (HA) synthesis in culture models of articular chondrocytes. Equine chondrocytes were treated with TGF-1 at different concentrations and times in monolayer cultures. In three-dimensional cultures, chondrocyte-seeded gelatin scaffolds were cultured in chondrogenic media containing 10 ng/mL of TGF-1. The amounts of HA in conditioned media and in scaffolds were determined by enzyme-linked immunosorbent assays. HAS2 mRNA expression was analyzed by semi-quantitative reverse transcription polymerase chain reaction. The uronic acid content and DNA content of the scaffolds were measured by using colorimetric and Hoechst 33258 assays, respectively. Cell proliferation was evaluated by using the alamarBlue assay. Scanning electron microscopy (SEM), histology, and immunohistochemistry were used for microscopic analysis of the samples. The upregulation of HAS2 mRNA levels by TGF-1 stimulation was dose and time dependent. TGF-1 was shown to enhance HA and uronic acid content in the scaffolds. Cell proliferation and DNA content were significantly lower in TGF-1 treatments. SEM and histological results revealed the formation of a cartilaginous-like extracellular matrix in the TGF-1-treated scaffolds. Together, our results suggest that TGF-1 has a stimulatory effect on equine chondrocytes, enhancing HA synthesis and promoting cartilage matrix generation.
Introduction
Osteoarthritis (OA), a degenerative joint disease, results in the erosion of articular cartilage and can cause loss of joint function and chronic pain. Chondrocytes produce and maintain the cartilage matrix, which consists primarily of collagens, proteoglycans, and hyaluronan (HA). HA is a non-sulfated glycosaminoglycan composed of disaccharide units containing N-acetyl glucosamine and glucuronic acid. Together with proteoglycans and collagens, HA is responsible for the resilience of cartilage. When joint cartilage experiences excessive mechanical compressive loads, the components of the extracellular matrix (ECM) are degraded, resulting in cartilage degeneration and loss of function. Subsequently, healing of the cartilage occurs as the ECM is remodeled via interactions between chondrocytes and their environment, as stimulated by growth factors.
Transforming growth factor beta (TGF-), an anabolic factor consisting of three isoforms (TGF-1, TGF-2, and TGF-3), is involved in numerous biological processes [12] . In cartilage metabolism, TGF- is involved in all stages of the genesis and proliferation of chondrocytes [26] , including deposition of the ECM [22] . Numerous prior studies have reported an association between TGF- and enhanced ECM production. In horses, TGF-1 increased the synthesis and deposition of proteoglycan in cartilage explant, monolayer, and three-dimensional (3D) fibrin matrix cultures of foal chondrocytes [9, 11, 12] . In equine chondrocyte cultures, TGF-1 stimulated an increase in collagen type II mRNA [34] . However, documentation of TGF-1-induced HA synthesis in equine chondrocytes is limited.
Three distinct hyaluronan synthase (HAS) genes (HAS1, HAS2, and HAS3) associated with HA production have been cloned from humans and mice [28] . Each isoform of the HAS gene has a different role in HA synthesis in vivo [28, 30] . There is abundant evidence of HA synthesis in response to TGF-1 stimulation across several cell types and various species [16, 30, 32] . In horses, an increase in the expression of HAS2 was accompanied by enhanced HA production (after human chorionic gonadotropin treatment) in the mural granulosa cells of preovulatory follicles [29] . To date, a report of HAS2 in HA synthesis in equine chondrocytes is rare.
In this study, we investigate the effects of TGF-1 by examining HAS2 expression and HA synthesis in equine chondrocytes using both monolayer and 3D cultures. Furthermore, we evaluate whether the two culture systems provide an adequate model for the study of TGF-1 and its effect on chondrocyte culture in horses. The results of this study contribute to our basic understanding of articular cartilage metabolism and can be applied to the development of tissue engineering as a treatment for equine OA.
Materials and Methods
All procedures and animal use in this study were approved by the Animal Care and Use Committee, Faculty of Veterinary Medicine, Chiang Mai University (FVM-ACUC; approval No. R9/2560).
Preparation of equine chondrocytes
Equine articular cartilage was obtained from the normal metacarpophalangeal joint of cadaver horse legs within 6 to 8 h after death. Equine chondrocytes were prepared for primary cell culture as previously described [13] with a modification of using fetal calf serum (FCS).
Monolayer culture and treatment
Passaged cells (2 × 10 5 per well) were seeded into 6-well plates and incubated with 10% FCS-Dulbecco's modified Eagle's medium (DMEM; Gibco, USA) for 48 h. The medium was then replaced by 10% FCS-DMEM containing the growth factor TGF-1 (PeproTech Asia, Israel) at concentrations of 0, 2.5, 5, and 10 ng/mL. The 10% FCS-DMEM was used as a control. At day 3, the culture media were collected, and an enzyme-linked immunosorbent assay (ELISA) was used to determine the HA level.
Twenty-four hours prior to treatment, at 80% confluence, the cultured cells were starved and then treated with 2.5 ng/mL TGF-1 at the indicated times (0, 3, 6, 9, 15, 24, 36 , and 48 h) to evaluate the time-effect of TGF-1 on HAS2 gene expression. Three-hour treatments with different concentrations of TGF-1 (0, 2.5, 5, and 10 ng/mL) for 3 h were conducted to evaluate the dose-effect of TGF-1 on HAS2 gene expression as assessed by using semi-quantitative reverse transcription polymerase chain reaction (RT-PCR) [31] .
Cells (1 × 10 4 per well) were seeded into 24-well plates and incubated with 10% FCS-DMEM containing TGF-1 at concentrations of 0, 2.5, 5, and 10 ng/mL. Evaluations of cell proliferation were performed at days 0, 7, and 14 by using alamarBlue assays.
Three-dimensional culture and treatment
Gelatin-based scaffolds (Spongostan Standard; Johnson & Johnson, Germany) were cut into 5 mm × 2.5 mm circles, sterilized, and then presoaked with serum-free DMEM. Equine chondrocytes (1 × 10 6 cells) were resuspended in a final medium volume of 25 L and then seeded onto the upper surface of the scaffold. The cellular scaffolds were incubated for 4 h to allow cell diffusion and attachment to the scaffolds, and then 1 mL of medium was added. After 24 h, each cellular scaffold was transferred to a blank 24-well plate to begin a 21 day culture. Each scaffold was replenished with 1.0 mL of chondrogenic media, 10% FCS-DMEM supplemented with insulin-transferrin-selenium (10 g/mL insulin, 5.5 mg/mL transferrin, and 5 ng/mL selenium; PAA Laboratories, Austria), 25 g/mL ascorbic acid, and 10-7 M dexamethasone [18] . Scaffolds were treated with or without TGF-1. Chondrogenic media were changed every 2 to 3 days. Cell proliferation in the scaffold was measured at days 7, 14, and 21 by using alamarBlue assays. At day 21, the scaffolds were harvested for the determination of HA, uronic acid, and DNA contents and for scanning electron microscopy (SEM), histological, and HA immunohistochemical analyses.
Assays for HA levels and uronic acid and DNA content
Harvested scaffolds were digested with 2U papain at 60 o C prior to evaluating the amounts of HA, uronic acid, and DNA. The monolayer culture medium and the supernatant of papain-digested scaffolds were measured for HA by using ELISA as previously described [15] . The uronic acid and DNA contents in the supernatant of papain-digested scaffolds were assessed utilizing the carbazole method and the Hoechst 33258 dye assay, respectively, as described previously [7, 20] .
Analysis of HAS2 mRNA level
Expression of the HAS2 gene in monolayer culture cells was investigated by using the RT-PCR as previously described [35] . RNA was extracted from the cells using a NucleoSpin RNA II kit (Machere-Nagel, Germany). Total RNA was reverse transcribed into complementary DNA (cDNA) using the RevertAid First Strand cDNA synthesis kit (MBI Fermentas, Germany). Semi-quantitative PCR was performed by using Taq DNA polymerase (MBI Fermentas) with primers for equine glyceraldehydes-3-phosphate dehydrogenase (GAPDH). The upstream primer (5′-TGGTATCGTGGAAGGACTCAT-3′) and the downstream primer (5′-GTGGGTGTCGCTGTTGA AGTC-3′) were annealed at 55°C for 1.15 min. For the equine HAS2, the upstream primer (5′-AGAGAAGTCATGTACAC GG-CCTTC-3′) and the downstream primer (5′-GGTCTG CTGGTTTAACCATCTGAG-3′) were annealed at 57.8 o C for 1.15 min.
Cell proliferation
Cell viability and proliferation were evaluated from monolayer culture cells and cellular scaffolds by using the alamarBlue assay (Thermo Fisher Scientific, USA) according to the manufacturer's instructions.
Scanning electron microscopy
The conditioned scaffolds were harvested from 21-day cultures, washed twice with phosphate-buffered saline (PBS), and immersed three times in PBS. The scaffolds were fixed overnight in 2.5% glutaraldehyde at pH 7.4 and 4 o C [37] . They were dehydrated, dried, and then sputter coated with gold particles at 40 mA prior to observing under SEM. Fig. 2 . Transforming growth factor beta 1 (TGF-1) tended to increase cell proliferation in monolayer cultures of equine articular chondrocytes. Chondrocytes were treated with TGF-1 in different concentrations. Cell proliferation was analyzed on days 0, 4, and 7 using the alamarBlue assay. 
Histological and immunohistochemical analyses
The tissue sections of harvested scaffolds at 21 days of 3D cultures were cut and stained with H&E. For immunohistochemical analysis of HA localization, endogenous peroxidase in the tissue sections was blocked with 3% H 2 O 2 , and non-specific sites were blocked with 3% bovine serum albumin (BSA). The sections were incubated with biotinylated-HA binding proteins (B-HABPs; a kind gifts from Prof. Dr. Prachya Kongtawelert, Chiang Mai University, Thailand) for 24 h and then incubated for 1 h using anti-biotin antibody conjugated to anti-biotin horseradish peroxidase (HRP; Sigma-Aldrich, USA). After PBS washing, 3, 3-diaminobenzidine (DAB; Sigma-Aldrich) solutions were gradually added to the section and the staining reaction was observed until the sections changed to a brown color. The slide was then mounted and covered with a coverslip.
Statistical analysis
All results are expressed as mean ± SEM from three to five independent experiments unless otherwise stated. The differences in means between TGF-1 treatments and controls were analyzed using Student's t-test. Differences in means between control and experimental groups treated with various concentrations of TGF-1 were analyzed by using ANOVA with Bonferroni adjustments as included in the R software (R Foundation for Statistical Computing, Austria). The level of significance was set at 0.05.
Results

HAS2 expression, HA synthesis, and cell proliferation in monolayer cultures
The TGF-1 treatment resulted in a significant, concentration-dependent increase in the amount of HA in the conditioned media (panel A in Fig. 1 ). The effect of TGF-1 was time dependent. Upregulation of HAS2 mRNA expression in equine chondrocytes treated with TGF-1 reached the maximum level at 3 h, followed by the second significant difference in expression level at 9 h, and then a gradual decrease in expression after 15 h of stimulation (panel C in Fig. 1 ). HAS2 mRNA levels were upregulated in a dose-dependent manner. DNA content in scaffolds was analyzed based on two independent experiments using Hoechst dye 33258 assays. Cultures were maintained in the absence (control) or presence of 10 ng/mL TGF-1. Asterisks denote significant differences at *p ＜ 0.05. Either 5 or 10 ng/mL of TGF-1 treatment resulted in significantly higher HAS2 mRNA levels than those of the control treatment (panel B in Fig. 1 ). Cell proliferation in the monolayer cultures gradually increased over 7 days. TGF-1 treatments tended to activate cell proliferation at day 7 in a dose-dependent manner (Fig. 2) .
Gross appearance, HA synthesis, and cell proliferation in three-dimensional cultures
The TGF-1-treated scaffold had a watery pink appearance with a moister, glossier, and smoother surface than that of the untreated control (panel A in Fig. 3) . At day 21, the accumulated levels of HA in the cultured media of TGF-1-treated groups were significantly higher than those of the controls (panel B in Fig. 3) . Compared with the control groups, TGF-1-treated groups had significantly higher HA and uronic acid contents within the scaffold (panels C and D in Fig. 3 ). The equine chondrocytes gradually proliferated until day 14, with no further proliferation occurring through day 21 (panel A in Fig.  4) . The numbers of chondrocytes on days 14 and 21 in TGF-1-treated scaffolds were significantly lower than those in untreated control groups; the DNA content was also lower (Fig. 4) .
ECM synthesis: Microscopic examinations of scaffolds in three-dimensional cultures
Scanning electron micrographs of the free-cell and embedded scaffolds from the control and TGF-1-treated groups are shown in Fig. 5 . The untreated acellular scaffolds were highly porous and lacked ECM components. The microscopic consistency of the cellular scaffold treated with TGF-1 was more compact with a dense continuous layer of hyaline cartilaginous-like tissue throughout the surface of the scaffold when compared with both the acellular and cellular scaffolds from the untreated control groups. The H&E staining of the TGF-1-treated scaffolds showed the formation of a cartilaginous-like ECM containing chondrocytes at the scaffold surface (panels A-D in Fig. 6 ). The positive immunohistochemical staining of HA was more prominent in the TGF-1-treated groups than in the control groups (panels E and F in Fig. 6 ), with strong immunolabeling of HA at the surface of the TGF-1-treated scaffolds (panels G and H in Fig. 6 ). 
Discussion
TGF-1 is known to stimulate ECM synthesis including type II collagen, aggrecan, and proteoglycan in chondrocytes [9] . In addition, TGF-1 has a strong stimulatory effect on chondrogenic proliferation and differentiation in rabbits, horses, and humans [9, 19, 22] . TGF-1 has also been shown to stimulate HA synthesis [32] . In cartilage tissue, chondrocytes produce HA, a chief component of the ECM that is essential to the biological function of cartilage [24] . HAS, the membrane-bound enzyme responsible for the synthesis of HA, has been identified as three distinct isoforms: HAS1, HAS2, and HAS3 [27] . Each isoform is encoded by a separate gene, regulated by unique growth factors, and has a different role in HA production in vivo [28, 30] . HAS2 is the most abundant isoform that is expressed constitutively in articular chondrocytes in humans and animals. The HAS2 enzyme produces high molecular weight HA associated with maintenance of the cartilage matrix [17, 27] .
This study focused on the influence of TGF-1 on the expression of HAS2. Previous studies demonstrated that TGF-1 upregulated HAS2 mRNA associated with HA production in mouse and human skin fibroblasts [30] and in human corneal cells [14] . In articular cartilage, HA synthesis by induction of the HAS2 gene in rabbit synovial fibroblasts was enhanced by TGF-1 [32] . Similar to the present study, TGF-1 upregulated HAS2 mRNA levels in a dose-dependent manner in equine chondrocytes, consistent with the increase in the amount of HA in both monolayer and 3D cultures. These results suggest that the HAS2 gene has a crucial role in the maintenance of HA homeostasis and in cartilage tissue formation.
In our study of equine chondrocyte cultures, HAS2 mRNA levels had increased after 3 h of TGF-1 stimulation, with a second increase at 9 h and then a gradual decrease after 15 h. In human skin fibroblasts, HAS2 mRNA was detected as early as 2 h, reached maximum levels at 6 h, and then slightly decreased at 18 h after stimulation [30] . Similarly, another study reported that maximum levels of HAS2 mRNA occurred after 5 to 6 h of TGF-1 exposure [3] . In rabbits, the level of HAS2 mRNA in synovial fibroblasts was enhanced and reached optimum levels at 6 h after TGF-1 stimulation [32] . These findings suggest that the responsiveness of the HAS2 gene to TGF-1 may differ by cell type. In our study, HAS2 mRNA expression was early detectable at 3 h after stimulation with TGF-1 whereas measurements of the product (HA amount) should be taken at 24 h, similar to the results of a prior study of SW982 human synovial cells [35] . However, in our experiments, differences in the cumulative amount of HA between treatment and control groups were manifest over the course of 3 days. We found an increase in HAS2 mRNA expression within the first 9 h, indicating that the HAS2 gene was stimulated within a short time, whereas the expressed protein, HAS2 enzyme, was active around the plasma membrane, producing HA continuously over a longer period of time. Our findings are supported by a previous study that demonstrated that the HAS2 enzyme is localized at the plasma membrane and is expressed as a multipass transmembrane protein to export the HA polymers through the cell membrane into the extracellular space via ABC-transporters [25] . In our study, significant gene expression results could not be obtained if the gene expression analysis was performed later than 9 h after treatment, suggesting that studies of HAS2 regulation must include measurements at times throughout the experimental period. Thus, our findings suggest a fundamental experiment model that can be applied to future studies of gene expression and signaling mechanisms.
Our measurements of cell proliferation showed a time-dependent increase in the proliferation of chondrocytes in monolayer cultures over a period of 7 days. At day 7, the proliferation tended to be activated; however, there was no significant difference among various doses of TGF-1. In 3D cultures, cell proliferation in both the control and TGF-1-treated groups only increased in the second week and proliferation was then constant until the third week of culture. These results may suggest that the effect of TGF-1 on cell proliferation depends on culture condition and duration. Interestingly, the proliferation of TGF-1-treated groups in the last two weeks of the 3D cultures was significantly lower than proliferation in the control groups, consistent with the measurement results for DNA content. The decline of cell proliferation associated with TGF-1 treatment may have resulted from the influence of this growth factor on redifferentiation rather than on proliferation when cultured in a 3D system. This interpretation is supported by a previous study that demonstrated that the 3D system facilitated the reversion of dedifferentiated cells to the chondrocyte phenotype [5] . Similarly, another study reported that human osteoarthritic fibroblast-like chondrocytes were able to redifferentiate when supplemented with TGF- in 3D culture [1] .
In the 3D cultures, the TGF-1-treated groups showed increases in the amount of HA accumulated in media and the content of HA and uronic acid in the scaffold, as well as improved gross and microscopic appearances when compared with the controls; these results are consistent with a decrease in cell proliferation. Similarly, a previous study reported that human fibroblast-like chondrocytes redifferentiated when stimulated by TGF-, as evidenced by enhanced expression of chondrogenic genes and elevated retention of newly synthesized proteoglycans and collagen [1] . Another study demonstrated that highly proliferated chondrocytes had lower production of glycosaminoglycans when compared with the lowly proliferated chondrocytes [10] . Our results, in conjunction with those of previous studies, indicate that TGF-1 may promote differentiation of passaged equine chondrocytes to return to specialized form performing their functions in the synthesis of ECM. However, the gelatin-based scaffold used in 3D cultures in this study probably had a limited capacity for determining collagen synthesis.
In our study, the agreement between the significant immunolocalization of HA and the integrity of the gross appearance of TGF-1-treated scaffolds suggests that TGF-1 likely influences the synthesis of HA and other molecules simultaneously. However, there have been reports that gelatin scaffolds treated with exogenous HA promote the production of a cartilage matrix more than that by non-HA-treated scaffolds [23] . Our results, in conjunction with those of previous studies, indicate that HA is not only a major component of the cartilage matrix but also modulates the metabolism of other biomolecules.
The TGF-1 applied in the present study was a recombinant human TGF-1 protein that has been used in studies of equine tenocytes [2] . Our findings demonstrate that the human TGF-1 is practical for the analysis of equine HAS2 gene expression and HA synthesis. In fact, the equine TGF-1 amino acid sequence differs from that of other mammalian species by only two amino acids [36] . Surprisingly, the structure of equine TGF-1 receptors TGF-RI and TGF-RII are 98% and 100% homologous, respectively, with human proteins [36] . The homology between the receptors of the two species suggests that equine TGF- receptors could recognize human TGF-1 [36] . Previous studies have reported that the TGF- signaling pathway involves binding to TGF- type I and type II receptors and the R-Smads/co-Smad complex in the regulation of target gene expression [33] . We postulate that a similar signaling pathway is involved in TGF-1-stimulated HA synthesis in equine articular chondrocytes.
The main advantage of two-dimensional (2D) monolayer cultures is it provides a simpler model for cell-based studies. However, its limitations such as the inability to describe traits exhibited by in vivo systems (e.g., altered gene expression) have been increasingly recognized. Since almost all cells in the in vivo environment are surrounded by other cells and the ECM in a 3D fashion, 2D cell culture does not adequately take into account the natural 3D environment of cells [8] . Therefore, a 3D culture model using a scaffold provides an appropriate chondrocytes' microenvironment [8] facilitating the chondrocytes to maintain chondrogenic properties. Our observation of differences in cell proliferation in response to TGF-1 between monolayer and 3D cultures agrees with a previous report that TGF-1 enhanced the proliferation of bovine articular chondrocyte in monolayer cultures [6] . In contrast, the stimulatory effect of TGF-1 decreased during chondrocyte subculture, especially in the late passages [4] . In our study of equine chondrocytes, TGF-1 enhanced HA synthesis. This result parallels the increase in HA production in human synovial cell stimulated by TGF-1 [16] . In contrast, an inhibitory effect of TGF-1 on the synthesis of HA has been shown for human dermal fibroblasts [21] . TGF-1 has been shown to activate DNA and proteoglycan synthesis in monolayer chondrocyte cultures for 7 days, whereas, on day 1, DNA and proteoglycan synthesis was inhibited in freshly isolated chondrocyte cultures [11] . These results suggest that the effect of TGF-1 on chondrocyte biological activity depends on various parameters including culture type, culture condition and duration, presence or absence of serum in the medium, type of growth factor or cytokine, type and differentiated stage of cells, and age and species of the study animal.
In conclusion, we have clarified that TGF-1 is capable of enhancing HA synthesis in both monolayer and 3D cultures of equine chondrocytes via upregulation of HAS2 mRNA expression. The present study demonstrates that monolayer cultures may not reflect the real physiological conditions of cartilage and chondrocytes as well as that obtained using 3D cultures. The findings of this study are applicable to future investigations of gene expression in other cell types and to studies of HA metabolism in other species. Our results are also relevant to future studies of tissue engineering as it is applied to the clinical treatment of equine OA and other joint diseases.
